The only well-characterized study of gene expression in Tetrahymena thermophila (1) demonstrates that the temperature dependent expression of the Ser H3 gene is regulated at the level of mRNA stability. A run-on transcription assay was developed to determine if regulation of RNA stability was a major mechanism regulating gene expression in Tetrahymena or if transcriptional regulation dominates. The relative transcriptional activities of 14 Tetrahymena genes were determined in different physiological/developmental states (growing, starved and conjugating) in which many of the genes showed striking differences in RNA abundance. In every case except Ser H3, changes in transcription accompanied changes in RNA abundance. Thus differential transcription, not differential RNA degradation, is the major mechanism regulating RNA abundance in Tetrahymena.
INTRODUCTION
Regulation of mRNA abundance in higher eukaryotes can occur at the level of transcription, nuclear processing and mRNA stability. Nevertheless, transcriptional control is indicated to be the most frequently employed mechanism (reviewed in [2] ). In lower eukaryotes, such as yeast, transcriptional regulation also appears to dominate. Comparatively little is known about the regulation of gene expression in Tetrahymena, a ciliated protozoan which is evolutionarily distant from both yeast and higher eukaryotes. The regulation of the serotype H3 surface antigen (Ser H3) gene is one case which has been wellcharacterized in this organism (1) . Ser H3 message accumulation and protein synthesis are limited to incubation temperatures of 20 to 300C, and the increase in mRNA abundance is the consequence of a dramatic temperature-dependent increase in Ser H3 message stability. We wished to determine if the regulation of mRNA stability is a major mechanism regulating expression of genes in Tetrahymena or if transcriptional regulation dominates. Hence, a run-on transcription assay was developed and optimized using isolated macronuclei. Analysis of nascent transcripts via run-on transcription assays allows one to examine the process of transcription without the complications of RNA processing or turnover and has proven useful in other systems for studies involving transcription initiation rates (3, 4) and termination (5) . With this assay the transcriptional activity of 14 Tetrahymena genes was determined in growing, starved and conjugating cells and compared to the abundance of RNA in these different physiological states. These studies demonstrate that differential transcription is in fact, the major mechanism regulating RNA abundance in Tetrahymena. Tetrahymena thermophila (strains CU428, SB1969 and SB210) were grown axenically in enriched proteose peptone at 28 0C as described (6) . Cells were starved at a density of 2-3 x 105 cells/ml in 10 mM Tris, pH 7.4 for 18-22 hours, without shaking. Conjugation was induced by mixing equal numbers of cells of strains SB1969 and SB210.
MATERIALS AND METHODS Cells and Culture Conditions
The RNA abundance data compiled in this study was obtained from the literature. Hence, cell culturing conditions, growth densities, starvation conditions and incubation lengths, as well as conjugation time points for the nuclei isolations were matched as closely as possible with the conditions reported for the message abundance data.
Nuclei Isolation
Macronuclei from Tetrahymena thermophila were isolated as described (7), with the following modifications. All Relative message abundance (filled boxes) between log and starved cells was obtained from the references listed in Table 1 .
Most Tetrahymena genes are regulated at the level of transcription The run-on assay was used to investigate the transcriptional activity of 14 genes, which can be divided into 2 categories by their pattern of message abundance ( Table 1 ). The first class is comprised of those genes which code for messages which are not detectable during some physiological cell state. This group includes the clones coding for genes possessing messages that are either starvation-induced (BC 1, pC5 -5) or conjugationspecific (pCI, pC2, pC7, pMBrC9a). Nuclei were isolated from growing, starved and conjugating cells (4 hours post mixing), and RNA labelled in vitro by extension of transcripts initiated in vivo was hybridized to plasmid DNA bound to filters. Figure  IA shows an analysis of the products of the run-on reaction. In every case, the absence of message in a particular physiological state coincides with the absence of detectable levels of transcription in nuclei isolated from cells in that state ( Table 2 ). The second category of genes is comprised of those genes whose RNAs, though always present, change markedly in abundance between growing and starved cells. The run-on assay was used to determine the transcriptional activity of the 8 genes which fall into this class: the single a-tubulin gene; the actin gene; the histone HI gene; the 2 histone H4 genes; Ser H3; cupC (an isoleucyl-tRNA synthetase); and the ribosomal RNA gene. Nuclei were isolated from growing and starved cells, and run-on transcripts were hybridized to plasmid DNA bound to filters (figure IB). In all cases but 1 changes in message abundance correlate with changes in transcriptional activity (figure 2). The increase in transcriptional activity for tubulin, actin, cupC and rDNA corresponds closely to the increase observed in the RNA accumulation. For the 3 histone genes, though transcription rates do increase as the message increases, the increases are not sufficient to account for the total increases in message abundance. The single exception to the observation that an increase in message is accompanied by an increase in transcription rate, was for Ser H3. For this gene the message increased greater than 10 fold between growing and starved cells while the transcription rate did not change significantly. of cell state. Two major classes of genes were analyzed. The first consists of genes whose products are not always detectable in different physiological cell states. Except for cnjC (pC7.1) which appears to code for a subunit of RNA polymerase II (8), the function of these genes is not yet known. For all 6 of these inducible genes, transcriptional regulation appears to play the primary role in the regulation of gene expression.
The second class of genes examined possess RNAs that are always detectable, yet change in abundance. The genes examined encode structural proteins (tubulin and actin), nuclear proteins (histone HI and H4H), an isoleucyl-tRNA synthetase gene (cupC), a surface protein (Ser H3) and the rRNA gene transcribed by RNA polymerase I. In all cases but 1 (Ser H3), there was an increase in transcriptional activity between log and starved cells which corresponded with the increase in message abundance. For tubulin, actin and pC8, transcriptional control appears to play the primary role in the regulation of gene expression, since increases in mRNA accumulation and transcription rates are similar. The data for the histone genes indicates that, though regulated partly by transcription, these genes may also be under post-transcriptional mechanisms of control. The apparent increase in histone message stability in growing cells may be related to the replication of DNA which is only occurring in these cells.
Ser H3 is the only gene whose transcription rate stayed constant when its message level changed. As described earlier (1), this gene is known to be regulated at the level of mRNA stability, which changes with temperature. Hence, this gene may be similarly regulated between log and starved cells by a change in message stability.
In summary these studies demonstrate that, in Tetrahymena as in other eukaryotes, regulation of transcription is the major level at which RNA abundance is regulated.
